The performance of various commercially available epoxy mortar coatings was compared by measuring their sulphuric acid diffusivity. Apparent diffusivities, which were measured gravimetrically, were found to be dependent on coating tortuosity. In composite materials like epoxy mortars, the tortuosity was determined by filler properties and polymer alignment. Tortuosity was found to depend on the filler size, their dispersion, filler aspect ratio and concentration. The order and greater alignment of polymer aggregates, which characterises thinner coatings effects higher tortuosity and thus lower permeabilities. The result is that sulphuric acid diffusivities were observed to increase with coating thickness, which challenges the notion that greater coating thicknesses provide greater protection or environmental barrier. The effect of film thickness and filler properties observed in this study has significant implications to the current selection of coatings and sewer protection.
INTRODUCTION
Micro-organism contributes significantly to the corrosion of concrete sewer pipes (Sand & Bock a; Aviam et al. ; Beddoe & Dorner ) . Asset owners have identified that maintaining and prolonging the service life of sewer pipes by rehabilitation and protection is much more cost effective than replacement. For the last 30-40 years water utility industries have trialled various methods of rehabilitating and protecting the sewer pipes. Epoxy mortars with fast setting cement (e.g., gunite) as repair material is an example of a protective coating that has been used widely within the industry. Successful and durable rehabilitation of sewers, however, has proven extremely difficult. Although the industry chooses to use coatings as a first-line of defence against corrosion, there are significant technical gaps in predicting their performance and durability in sewer environments. A specific gap is the relationship between epoxy formulations and coating performance. The lack of national coating specification or standards for selecting coatings for sewer application in Australia is associated with the fact that much of this knowledge is proprietary and differs between manufacturers. Greater fundamental understanding of the effect of coating formulation to their performance is essential in developing rigorous sewer protection strategies.
Epoxy does not refer to a specific material, but to a broad family of chemicals with differing physical and chemical properties. Important features that impacts on its durability include curing agents (e.g., amine, amide, cycloaliphatic), solvents and fillers. It is known that epoxies generally have excellent mechanical properties and high chemical resistance (Liu & Vipulanandan ) . However fully cured epoxy resins formulations are brittle and have high water uptake (Liu & Vipulanandan ) . Remarkable reduction in the permeabilities of polymeric coatings to gas and liquid eluents, in addition to improved physical properties including strength and abrasion resistance have been associated with the addition of inorganic fillers Much of these work have focused on diffusion of gases and moisture. The specific nature and properties of fillers that would retard acid diffusion, specifically those found in the sewer, is currently not well understood.
In this study the permeation of sulphuric acid through epoxy mortar coatings were considered. Although other organism and bioacids are present in the sewer (Baumgartner et al. ; Sand & Bock b; Gu et al. ) , it is recognised that much of the sewer corrosion, specifically for concrete, arises because of the presence of the biogenic sulphuric acid (Yamanaka et al. ; Aviam et al. ) . The relative performance of coating as an environmental barrier was measured from their sulphuric acid diffusion coefficients. In this study, the effects of coating thickness and filler properties on the sulphuric acid permeation were investigated.
Acid permeation
The diffusion of acid into cured epoxy resin is generally considered to obey Fick's law (Crank ):
where M ∞ is the maximum acid uptake in the sample mass, D is diffusivity and 2l is the sample thickness. The solution for Fick's law for short times is reduced to the following equation for the initial stage of diffusion (Liu et al. ):
EXPERIMENTAL Epoxy mortar coating specimens
In this study four commercially available epoxy mortar coatings (A, B, C and D) were selected. The coatings were prepared and cured by the manufacturer to produce coupons with dimensions of 50 mm × 50 mm and thicknesses of 5, 10 and 20 mm. Each coupon was tested to ensure coupons were free from pinholes and cracks prior to acid immersion tests. A PCWI (DC30) holiday detector was employed in locating any existing pinholes according to the method described in ASTM G62-87.
Acid permeability by gravimetric method
Acid permeation was measured gravimetrically by immersing the coating coupons in 10% (w/w) sulphuric acid for periods of up to 6 months. The concentration of sulphuric acid concentration used for this accelerated testing is based on the average observed surface pH of corroding sewer surfaces. The annual H 2 S concentrations of over 30 ppm have been reported to have a corresponding surface pH measurement of 1.5 to 2.5 and a sulphuric acid concentration of 5-7% (Nixon ) and those in excess of 50 ppm in air have also been reported to have a pH as low as 0.50 and greater than 7% sulphuric acid (Nixon ) . The concentration of H 2 S found in utilities in the eastern coast of Australia varies from 5-50 ppm and those on the Western coast from 100-900 ppm. In this study 10% H 2 SO 4 was considered an appropriate approximation of the average acid concentration that would be generated in the sewer.
The weight uptake was determined by removing the coupons and wiping off all acid and immediately weighing the coupons. The acid weight uptake (M t ) was measured from:
where W t and W 0 are the weight of the wet and original coupon, respectively.
Scanning electron microscopic studies
Surface morphology of coatings was observed using scanning electron microscopy. Samples were mounted onto stubs and sputter coated with gold in a vacuum evaporator, and examined using scanning electron microscope (Philips XL 30 CP).
X-ray fluorescence (XRF)
The minerals present in the coatings were determined by fusing the minerals with lithium borate followed by XRF (Philips PW2404) analysis.
RESULTS AND DISCUSSION
Coating morphology and filler size Scanning electron microscopy (SEM) examination of the backscattered image of epoxy mortar surfaces are shown in Figures 1(A-D) . The cracks and holes are indicative of air bubbles within the epoxy during epoxy curing. Bright spots in the image reflect high molecular weight inorganic fillers. X-ray microanalysis of the epoxy surface was conducted using Energy Dispersive X-ray Spectroscopy (EDS) analysis. The estimated particle size analysis and the corresponding elemental analysis of the fillers are summarised in Table 1 .
Diffusion coefficients of sulphuric acid

Acid uptake
The sulphuric acid uptake of coating D is shown in Figure 2 . As shown the acid uptake appears to follow the Fickian behaviour. However, the plot of fraction of acid uptake (M t /M ∞ ) as a function of t 0.5 , according to Equation (2) in Figure 3 shows the acid uptake do not follow Fick's law but demonstrate a history dependent diffusion. Diffusivities of sulphuric acid through coatings A, B, C and D that were measured according to Equation (2) for short periods are compared in Figure 4 .
Film thickness and polymer orientation
Film thickness is one of the coating properties that could affect its permeability. As shown in Figure 4 , the diffusion coefficient of sulphuric acid increased with increasing coating thickness. This is less apparent with coating C, where only a minor increase was observed when coating thickness increased from 8 to 18 mm. Higher rates of eluent diffusion with increasing thickness of coating have been attributed primarily to polymer morphology (Yang et al. ; Mensitieri et al. ; Pongjanyakul & Puttipipatkhachorn ) . Higher diffusivity of eluent with thicker films have been attributed to the presence of paracrystalline aggregates with large aspect ratios (Yang et al. ) . The degree of order and the orientation of these paracrystalline aggregates vary with film thickness (Isoda et al. ; Sroog ) . Thinner films are characterised by a higher chain alignment in the plane of the film resulting in higher tortuosity effects compared to thicker films, resulting in reduced diffusivity (Mensitieri et al. ) . Whereas, as the coating thickness increases, a looser polymer matrix is observed (Pongjanyakul & Puttipipatkhachorn ). In coating C, it appears the degree of chain alignment is maintained within its various thicknesses. The observed higher diffusivity of sulphuric acid with thicker coatings has considerable implications to sewer protection. Thicker coatings are currently recommended when corrosion conditions are severe. In considering the results obtained here, the level of protection offered by thicker coating needs to be further re-examined.
Filler properties
The sulphuric acid permeability (k) of the coatings is indirectly related to the tortuosity (τ) imposed by the filler (k ∼ 1/τ). Tortuosity is defined as the actual distance travelled in the presence of the filler (d 0 ) to the shortest distance travelled through the coating in the absence of the filler (d ). Figure 5 shows a simple model of tortuosity path provided by the filler in the coating matrix. Parameters including the filler orientation, concentration (φ) and dispersion and aspect ratio (L/W, where L is the thickness and W is the width of the filler) all define the tortuosity provided by the filler. Lu and Mai (Lu & Mai ) proposed the following simple tortuosity model:
Examination of our results however show the diffusion coefficients are lowest when the concentration of filler is low (∼12%) and highest when the filler concentrations are high (>40%) (see Figure 6 ). This appears to contradict the tortuosity model proposed by Lu & Mai (Lu & Mai ) in Equation (4). This effect is most prominent as the coating thickness increases, which could suggest issues with filler dispersion. Intuitively increasing the concentration of the filler should provide a greater barrier to acid permeation. However, substantially increasing the concentration of the filler could induce the clustering of the filler and in effect increase their overall particle size and reduce tortuosity (see coatings A and D in Figure 2 ). The effect of the shape or the aspect ratio on the diffusion coefficient was not evident in this study. Figure 5 | Tortuosity model (Lu & Mai 2005) .
